؉ T cells was evaluated in a mouse model of disseminated Mycobacterium avium infection. C57BL/6J and C57BL/6J␤ 2 ؊/؊ (␤ 2 ؊/؊ ) mice were infected intravenously, and the number of viable bacteria in each liver and spleen was determined. No significant difference between the number of bacteria in the two strains of mice was observed at 2, 4, 6, and 8 weeks after infection. Histopathological examination of granulomas from C57BL/6J and ␤ 2 ؊/؊ mice did not show any difference either in the number of organisms per granuloma or in the size of the granulomas. Investigation of the cytokine profile in the spleen demonstrated that the ␤ 2 ؊/؊ strain of mice produced a significantly lower amount of gamma interferon at 8 weeks after infection and significantly increased concentrations of tumor necrosis factor alpha compared with that from the wild-type mouse. Interleukin-12 and transforming growth factor ␤ 1 levels did not differ between the two strains of mice at 2, 4, 6, and 8 weeks. Although previous work had found that host response against Mycobacterium tuberculosis involves major histocompatibility complex class I-restricted T cells, our results indicate that chronic deficiency of CD8 ؉ T cells does not lead to a different expression of the disease and that if CD8
Organisms of the Mycobacterium avium complex are intracellular pathogens associated with disseminated disease in patients in advanced stages of AIDS (15, 17) . Immunity to M. avium initially requires the stimulation of NK cells (5, 7) and later the activation of specific T lymphocytes, which respond to the infection by secreting cytokines that increase the ability of monocytes and macrophages to inhibit M. avium growth. In addition, a number of researchers point to a plausible role of CD8 ϩ cytotoxic cells against infected monocytes or macrophages in the lysing of infected cells (1, 20) .
There is substantial experimental evidence that CD4 ϩ T cells are important for an effective host defense against M. avium (1, 20) . The role of CD8 ϩ T lymphocytes, however, is controversial. Cytotoxic CD8 ϩ T cells have been shown to play an important role in the host defense against Mycobacterium tuberculosis as demonstrated both by studies of CD8 T-lymphocyte depletion by specific antibodies and by studies with ␤ 2 microglobulin knockout (KO) (also referred to in this work as ␤ 2 Ϫ/Ϫ ) mice (13, 16) . In contrast, no information is available about the role of CD8 ϩ T cells on M. avium growth in mouse models of infection. More recently, Saunders and Cheers (23) showed that in a mouse intranasal model of M. avium infection, depletion of CD8 ϩ T lymphocytes from infected mice had no effect on bacterial growth and CD4 ϩ T-cell activation, indicating that the immune response against M. avium may differ from the response against M. tuberculosis.
In this study, we evaluated the role of CD8 ϩ T cells in the host defense against M. avium by using the ␤ 2 Ϫ/Ϫ mice, devoid of major histocompatibility complex (MHC) class I-restricted T cells, including cytotoxic T lymphocytes, and CD1
ϩ restricted cytotoxic T cells (no murine equivalent to human CD1 ϩ has previously been described).
MATERIALS AND METHODS
M. avium. M. avium 101 (serovar 1) was isolated from the blood of a patient with AIDS. Strain 101 is a virulent strain in mice and is associated with reproducible levels of tissue infection in C57BL/6J mice. Mycobacteria were cultured on Middlebrook 7H11 agar (Difco Laboratories, Detroit, Mich.) for 10 days at 37°C. Transparent colonies were harvested and resuspended in Hanks' balanced salt solution and washed twice. The final suspension was then adjusted to 10 8 bacteria/ml according to a McFarland turbidimetric standard. A sample obtained from the final suspension was plated to confirm the number of bacteria in the inoculum.
Mice. Female, 6-to 8-week-old, C57BL/6J and C57BL/6J ␤ 2 Ϫ/Ϫ (␤ 2 Ϫ/Ϫ ) mice were purchased from Jackson Laboratory (Bar Harbor, Maine). Mice were infected with 5 ϫ 10 7 viable bacteria injected into the tail vein. We decided to use this inoculum based on previous experience with a variety of inocula and preliminary experiments using 10 5 , 10 7 , and 10 8 bacteria as inocula (data not shown). All mice were maintained in a pathogen-free environment and were found to be free of the four more common mouse pathogens (data not shown). Experiments were repeated twice, and 16 or 17 mice were used per group for each time point.
Harvesting. Spleens and livers were removed aseptically at 2, 4, 6, and 8 weeks and, after weighing, were homogenized in 5 ml of Middlebrook 7H9 broth as previously described (8) . Serial 10-fold dilutions were plated onto 7H11 agar supplemented with oleic acid, albumin, dextrose, and catalase. Colonies on the plates were counted after 10 to 14 days of incubation at 37°C and 5% CO 2 .
Cytokine assays. Spleens were obtained from infected and uninfected mice at 2, 4, 6, and 8 weeks and were prepared as previously described (2) . Because splenic macrophages are heavily infected, we measured the extracellular release of cytokines by splenocytes (lymphocytes plus macrophages). Cytokines in the supernatant were obtained after 24 h and filtered through a 0.45-m-pore-size filter, and gamma interferon (IFN-␥), interleukin-10 (IL-10), IL-12, tumor necrosis factor alpha (TNF-␣) (Biosource, Camarillo, Calif.), and transforming growth factor ␤ 1 (TGF-␤ 1 ) were measured by enzyme-linked immunosorbent assay (R and D Systems, Minneapolis, Minn.) as recommended by the manufacturers.
Histopathology. Sections (5 m thick) from paraffin blocks containing livers and spleens were cut and stained with hematoxylin and eosin or by the ZiehlNeelsen method for acid-fast bacilli (AFB). The mean number of AFB was evaluated by counting the organisms with granulomas in 20 random fields per section (magnification, ϫ400).
Statistical analysis. The results were represented as means Ϯ standard errors. The comparison between experimental groups and control was done by using analysis of variance at the same time point. A P value of Ͻ0.05 was considered significant. and ␤ 2 Ϫ/Ϫ mice were similar at both 2, 4, and 6 weeks (data not shown) and 8 weeks (Fig. 1 and Table 2 ). By 8 weeks the number of bacteria in spleen was significantly greater than that by 2 and 4 weeks, and some of the granulomas were confluent.
RESULTS

M. avium infection in
Cytokine production. IFN-␥, IL-12, and TNF-␣ have been shown to be important in the control of M. avium infection (6, 12, 24) , whereas IL-10 and TGF-␤ 1 have been associated with the progression of disease both in vitro and in vivo (3, 4) .
As shown in Table 3 , the cytokine profile did not differ significantly between splenic cells from C57BL/6J control and ␤ 2 Ϫ/Ϫ mice at 2 and 4 weeks after infection; however, significant differences in the levels of IFN-␥ and TNF-␣ were observed at week 8 of infection.
DISCUSSION
The susceptibility of AIDS patients with low CD4
ϩ T-cell counts to M. avium infection illustrates the importance of this T-cell subpopulation in the mechanisms of acquired resistance against M. avium infection. Our present results with ␤ 2 microglobulin KO mice confirm the finding of previous studies using specific antibodies to deplete CD8 ϩ T-cell population that CD8 ϩ T lymphocytes are not an absolute requirement for the control of M. avium infection (1, 23) .
In contrast to their role in M. avium infection, CD8 ϩ T cells appear to play a role in immunity of M. tuberculosis-infected mice (13, 16) . These observations suggest that the immune mechanisms involved in the host defense against these pathogens are different. For example, there is plenty of evidence that NK cells play an important role in the innate immune response against M. avium (5, 6) but have no established role in M. tuberculosis infection (11) . Recent work has shown that lack of both perforin and granzyme, which represent known mechanisms of CD8 ϩ T-cell-mediated cytotoxicity, does not influence the outcome of M. tuberculosis infection in mice (10, 18) , raising the possibility that cytokine production is more likely the way CD8 ϩ cells participate in the defense against M. tuberculosis. More recently it was also demonstrated that production of IFN-␥ is a major function of CD8 ϩ T cells in tuberculosis (26) . Results with the M. avium model, however, demonstrate that CD8 ϩ T-cell-mediated cytotoxicity is not an obligatory mechanism of host defense against the organism. In addition, production of cytokines by CD8 ϩ T cells does not appear to participate in the immune response. It is interesting that ␤ 2 Ϫ/Ϫ mice produce significantly less IFN-␥ than the wild-type mice at 8 weeks, without any impact in the level of infection. The drop in IFN-␥ concentration does not seem to be dependent upon the IL-12 level. Perhaps the increased TNF-␣ levels at 8 weeks are compensatory for the drop in IFN-␥ levels. It is intriguing that the role of CD8 ϩ T cells in the host defense is completely different in infections with M. avium and M. tuberculosis, although it has also been demonstrated that lack of MHC class I expression did not compromise the ability to control Mycobacterium bovis BCG infection (13) . While M. avium infections of SCID mice are slow to progress and do not end in augmented mortality (1), infection of SCID mice with M. tuberculosis is fatal within approximately 30 days (11) . It is possible that the well-known hypertrophic NK cell compartment in SCID mice protects against M. avium. In our experiments, greater mortality was seen in control mice (wild type) than in CD8 KO mice. It is possible that CD8 T cells, although they do not participate in the defense against M. avium infection, do secrete or stimulate the secretion of inflammatory cytokines which ultimately participate in mortality.
The finding that splenic cells from ␤ 2 Ϫ/Ϫ mice and C57BL/6J mice produced equal amounts of IFN-␥, TNF-␣, IL-12, IL-10, and TGF-␤ 1 at 2 and 4 weeks after infection with M. avium was unexpected. By 8 weeks, however, a significant difference between IFN-␥ produced by control mice and KO mice was observed. Work by our and other laboratories has suggested the importance of IFN-␥ and TNF-␣ as key players in the host (26) .
The results of our study were supported by the histopathologic sectioning of the spleens, which demonstrated that granulomas from ␤ 2 Ϫ/Ϫ mice and C57BL/6J mice did not differ in size or number of organisms contained. The lack of evidence for CD8
ϩ T-cell contribution in the host defense against M. avium is consistent with the intravacuolar residence of M. avium in macrophages (25) and is similar to the role of CD8 ϩ T cells in the protection against Salmonella enterica infection (14). Although experimental evidence clearly demonstrates that CD8 ϩ T cells respond to Salmonella antigens in vivo, the relevance of antigen-specific CD8 ϩ T cells has not been proved. In contrast, CD8 ϩ T cells have been shown to be important for the defense against Listeria monocytogenes (21) , an intracellular pathogen that lyses its vacuole membrane and lives within the cytoplasm.
A report by McDonough and Kress (19) showed that M. tuberculosis can escape from vacuoles in macrophages. Although this observation has not been confirmed by other laboratories (9, 22) , it may be that under certain circumstances (for example, bacterial growth conditions before the uptake by macrophages) it may occur, which would better explain the differences observed between CD8 ϩ T-cell roles in M. avium and M. tuberculosis infections. Although a recent study (27) suggests that ␤ 2 Ϫ/Ϫ mice possess a limited repertoire of self-MHC class I-restricted CD8 ϩ T cells, which can be explained by selection on the remaining low levels of MHC class I, the different results obtained with M. avium and M. tuberculosis indicate that at least CD8 ϩ T-cell participation in host defense against M. avium is not indispensable. Clear evidence exists, for example, for the importance of CD8 ϩ T cells in L. monocytogenes infection, as well as in M. tuberculosis infection. For Salmonella and M. avium, CD8 ϩ T cells appear not to participate in the immunity against the pathogens, although antigenspecific CD8 ϩ T-cell clones can be identified. In summary, we have demonstrated in ␤ 2 Ϫ/Ϫ mice that CD8 ϩ T cells are not essential for the host defense against M. avium. Further studies will be necessary to confirm these findings in an oral infection model more similar to the infection in humans.
